The so far highest THz pulse energy (125 µJ) and efficiency (0.25%) were measured by optical rectification of 1.3 ps pulses in LiNbO 3 . The generation of mJ-level THz pulses is predicted by calculations.
Introduction
Intense ultrashort THz pulses are an enabling tool for many intriguing new applications. Some of them require THz field strengths which are one or two orders of magnitude larger than what is presently available in the frequency range around 1 THz. Examples are enhancement of attosecond pulse generation [1] , electron acceleration, undulation, and spatial as well as temporal focusing. By using optical rectification (OR) in LiNbO 3 (LN) with tiltedpulse-front pumping (TPFP) up to 50 μJ THz pulse energy [2] and 1.2 MV/cm focused peak electric field strength [3] was reported, with corresponding pump-to-THz energy conversion efficiencies of 5×10 −4 and 1×10 −3 , respectively. In this paper we summarize our recent theoretical and experimental work on the development of highenergy THz sources based on OR. We show by calculations that the THz energy can be increased to the mJ level giving focused electric field strengths up to 100 MV/cm. In our experiment, THz pulses were generated from a LNbased TPFP source with the highest energy and highest pump-to-THz energy conversion efficiency reported so far.
Results and discussion
Detailed numerical study was carried out with the goal to optimize the pulse-front-tilting setup and the experimental conditions for OR. Three main factors were identified, which can contribute to a substantial increase in the THz yield: (i) longer Fourier-limited pump pulses, (ii) cooling the LN crystal to reduce its THz absorption, and (iii) large pump spot size and energy. In order to maximize the output THz peak electric field, which can be more important for many applications than the pulse energy, we carried out a series of calculations by varying the pump pulse duration and the crystal temperature in a LN-based TPFP source. The theoretical model was described in detail in Refs. [4, 5] . Gaussian pump pulses with a peak intensity of 40 GW/cm 2 and 1064 nm wavelength were used. At each value of the pump pulse duration the output THz peak electric field was maximized by choosing optimal crystal length (but limiting to ≤1 cm due to practical reasons) and adjusting phase matching to the central frequency of the generated THz spectrum. It was important to take into account the temperature dependence of the THz absorption in LN as well as Fresnel losses upon exiting the crystal.
The calculated peak electric field strength of the THz pulses in air immediately after the output surface of the crystal (i.e. without focusing) is shown in Fig. 1(a) for different crystal temperatures as a function of the Fourierlimited pump pulse duration. Increasing the pump pulse duration from the commonly used 100 fs (encircled cross in Fig. 1(a) ) to 600 fs at room temperature results in a significant increase in the THz peak electric field by a factor of more than four, with the extremely high value of 1.0 MV/cm at the crystal output. The position of the corresponding spectral peak is reduced from 1.1 THz for 100 fs to 0.4 THz for 600 fs. Even higher electric field strength can be reached at lower temperatures. At 10 K and 500 fs the maximum is 2.8 MV/cm (with a spectral peak at 0.67 THz), corresponding to an enhancement of more than one order of magnitude, as compared to 300 K and 100 fs. The reason for this additional increase is the reduced THz absorption at cryogenic temperatures. The calculated pump-toTHz energy conversion efficiencies are shown in the inset of Fig. 1(b) . At room temperature, the efficiency is increased 6× for 500 fs pump pulses as compared to 100 fs. Further 6× increase is predicted for 10 K crystal temperature.
In order to reach mJ-level THz energies, and 100 MV/cm focused field strength, pump beam diameters of several cm are required. Even in optimized setups [4] , containing imaging, the useful pump spot size is limited to about ~1 cm due to imaging errors. Detailed design of a contact grating setup [6] for TPFP will be given, which will allow increasing the pump spot size to the required several cm.
In our experiments, 1.3 ps pulses at 1030 nm central wavelength were used to pump a LN-based TPFP source with optimized imaging [4] . The measured THz energy as the function of the pump pulse energy is shown in Fig. 1(b) . A continuous increase in the THz energy can be observed up to about 50 mJ pump energy, where the maximum THz energy of 125 µJ was reached, giving a pump-to-THz energy conversion efficiency of 0.25%. At higher pump energy the decrease of the THz energy was observed. This can be attributed to the occurrence of 4-photon absorption (4PA) at the pump wavelength and the corresponding increase in free-carrier absorption in the THz range. In the calculations we have used the estimated value of 10 −7 cm 5 /GW 3 for the 4PA coefficient [7] . The pump energy corresponding to the calculated maximum THz energy is about 42 mJ, which is in reasonably good agreement with the experimental finding (50 mJ). Because LN has a bandgap of 3.8 eV at room temperature, at the pump wavelength of 1030 nm only 4PA should be possible in a perfectly pure material. However, doping and other impurities can cause 2-photon absorption, which can be a reason of the observed weaker (than the square law) increase in the THz yield below ~20 mJ pump energy. third-order dispersion.
Summary
In conclusion, THz pulses of the so far highest 125 µJ energy and with the highest 0.25% efficiency were generated by optical rectification of 1.3 ps pulses in LN. Our experimental findings together with theoretical predictions indicate the feasibility of efficient THz pulse generation with mJ-level output energy and 100 MV/cm focused peak electric field by using optimal pump pulse duration of about 500 fs, cooling the LN crystal, and using a contact grating for TPFP to allow large pumped area.
